Our understanding of how enzymes work is coloured by static structure depictions where the enzyme scaffold is presented as either immobile, or in equilibrium between well-defined static conformations. Proteins, however, exhibit a large degree of motion over a broad range of timescales and magnitudes and this is defined thermodynamically by the enzyme free energy landscape (FEL). The role and importance of enzyme motion is extremely contentious. Much of the challenge is in the experimental detection of so called 'conformational sampling' involved in enzyme turnover. Herein we apply combined pressure and temperature kinetics studies to elucidate the full suite of thermodynamic parameters defining an enzyme FEL as it relates to enzyme turnover. We find that the key thermodynamic parameters governing vibrational modes related to enzyme turnover are the isobaric expansivity term and the change in heat capacity for enzyme catalysis. Variation in the enzyme FEL affects these terms. Our analysis is supported by a range of biophysical and computational approaches that specifically capture information on protein vibrational modes and the FEL (all atom flexibility calculations, red edge excitation shift spectroscopy and viscosity studies) that provide independent evidence for our findings. Our data suggest that restricting the enzyme FEL may be a powerful strategy when attempting to rationally engineer enzymes, particularly to alter thermal activity. Moreover, we demonstrate how rational predictions can be made with a rapid computational approach.
Introduction
Understanding the structure and motion of proteins lies at the heart of our understanding of how enzymes achieve spectacular rate enhancements [1] . In recent years, detailed computational studies have clearly demonstrated the importance of the electrostatic environment [2] . Enzymes appear to preorganise the electrostatics of the active site to promote formation of the transition state [3] . Similarly, innovative experimental approaches have demonstrated the importance of conformational sampling of proteins in mediating substrate binding and formation of the reactive complex geometry that precedes the chemical step [4] [5] [6] . However, the presence and effect of conformational sampling on enzyme turnover is highly contentious. The free energy landscape (FEL) for an enzyme is a description of protein structure as a multidimensional energy surface, composed of a series of 'hills' and 'valleys' separating energetic minima. Discrete conformational substates lie within these minima. Alternative substates are accessed by crossing the energetic barriers between minima or altering the FEL itself. That is, the FEL describes the equilibrium of conformational Abbreviations CSM, centre of spectral mass; FEL, free energy landscape; pNPG, 4-nitrophenyl b-D-glucopyranoside; REES, red edge excitation shift.
states a protein can adopt. Vibrational free energy contributes very significantly to the shape of the FEL by affecting the distribution of conformational substates within this equilibrium [7] . The frequency of vibrational modes and their population distribution affects the ruggedness of the FEL [7] . For enzyme turnover, it is the specific features of the FEL that affect the rate of enzyme turnover that are important. However, accessing this level of information in a quantitative manner is typically the preserve of high-level simulation studies.
Defining the thermodynamics of an enzyme with respect to its chemical turnover can be achieved by monitoring the change in observed rate in a matrix of pressure/temperature conditions. Numerically fitting these data then gives DH ‡ , DS ‡ , DG ‡ , DC z P , DV ‡ , Db ‡ and Da ‡ reflecting the changes in enthalpy, entropy, Gibbs free energy, heat capacity, activation volume, compressibility and expansivity between the enzyme-substrate complex and the enzyme-transition state complex respectively. The enzyme kinetics for only a relatively few enzymes has been treated by combined p/T studies [8] [9] [10] . In these cases, the p/T plane has not been fitted with a numerical model meaning at least DC z P and Δa ‡ are not determined. We have recently explored the use of a new model that defines the temperature dependence of enzyme-catalysed rates, and that we have termed as macromolecular rate theory (MMRT),
> (the mean squared distribution of enthalpies) for the enzyme-substrate complex is greater than <(dH ‡ ) 2 > for the enzyme-transition state complex at a given temperature. The magnitude of DC z P can therefore be used as an excellent proxy for changes to the enzyme FEL, and more specifically for the changes in vibrational modes during enzyme turnover (conformational sampling). Pressure effects are system specific [9] but should perturb a large DC z P as pressure affects the pre-existing equilibrium of conformational states, favouring smaller volumes [14, 15] .
Hobbs et al. have studied a model sugar cleaving enzyme oligo-1,6-glucosidase 1 (MalL; EC 3.2.1.10) and have found that the wild-type (WT) enzyme displays a significant negative DC
) that is dramatically reduced in the V200S variant enzyme (DC z P = À5.9 kJÁmol À1 ÁK
À1
) as well as a significant increase in the optimum temperature (T opt ) where k cat is maximal. These changes are not accompanied by a structurally different enzyme form, with the X-ray crystal structures of the WT and V200S enzymes being essentially invariant [16] . Molecular dynamics simulations suggest that the origin of the difference in DC z P is due to rigidification of the ground state relative to the transition state for V200S MalL when compared to the WT enzyme [16] . That is, the FEL for the enzyme-substrate complex is greatly constrained at the transition state implying significant changes to the distribution of vibrational modes along the reaction coordinate. WT MalL and the V200S variants therefore present a powerful model system with which to probe the distribution of vibrational modes during enzyme turnover and the relationship to the protein FEL.
Herein, we compare WT and V200S MalL and find that DC z P is only pressure-dependent for the WT enzyme and that this is correlated with a more flexible protein, with a broader equilibrium of protein conformational states in the enzyme-substrate complex; a broader FEL. Our findings suggest that the vibrational modes of the protein do significantly affect enzyme turnover and that this can be achieved through modulation of Da ‡ . V200S has higher T opt and a faster rate at T opt . Therefore, our findings suggest that, at least in this case, the faster enzyme has a restricted FEL that minimises DC z P and thus changes the temperature dependence of the rate. Contrary to many assertions, for at least some enzymes, decreasing the contribution from conformational sampling for the enzyme-substrate complex is a potential path to achieving more effective (faster) enzymes.
Results and Discussion
Combined pressure/temperature dependence studies
We have measured the combined pressure and temperature dependence of WT and V200S MalL steady-state turnover by monitoring the conversion of 4-nitrophenyl b-D-glucopyranoside (pNPG) to 4-nitrophenol (pNP), monitoring the increase in absorption at 420 nm attributable to product formation. Fig. 1 shows that substrate binding is accompanied by an increase in MalL tryptophan (Trp) fluorescence emission. We find a decrease in Trp emission that occurs in the dead-time of the stopped-flow instrument (meaning a process > 2000 s À1 ). This timescale is far faster than the evolution of the absorption feature at 420 nm at the same enzyme concentration, suggesting that substrate binding is fast relative to enzyme turnover ( Fig. 1 inset) . Moreover, from Fig. 1 , we find that the decrease in Trp emission saturates with an equilibrium constant (K = 0.07 AE 0.1 mM) similar to the measured K m value (K m = 0.012 AE 0.001 mM) and so we suggest that this signal reflects ligand binding. On longer timescales, we find an increase in Trp emission that is kinetically similar to the rate of product formation and we suggest reflects a small amount of fluorescence attributable to formation of the product. We, therefore, infer that ligand binding represents an extremely fast step relative to product formation and so our kinetic data are not convolved of ligand binding. Without a full binding study we cannot unequivocally determine that our steady-state kinetic data are not convolved of ligand binding steps, but based on the evidence in Fig. 1 , this seems the most likely conclusion. Therefore, given the direct nature of the assay, we infer the observed kinetics reflect product formation. We perform the p/T turnover studies in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer so that there is only minor change in pK a across the p/T range, DpK a /DT = À0.014 (°C À1 ) [17] and DpK a /Dp = 0.0008 (MPa À1 ) [18] . In this buffer system and at pH 7, we find that k cat = 32. (Table 1) . We note that K m is essentially temperature independent for both WT and V200S MalL, and our initial rate plots are entirely linear under all conditions studied (example plots shown in Fig. 2A,B) . Moreover, our extracted initial rates are fully reversible with changes in pressure. We are therefore saturating the enzyme under all conditions studied and there is no evidence for protein denaturation. The p/T dependence on MalL turnover kinetics is shown in Fig. 2C ,D (two-dimensional plots) and Fig. 3 (three-dimensional plots) and the resulting data are given in Table 1 . A contour plot in the p/T plane shows elliptical contours familiar from the p/T studies for protein folding/unfolding at equilibrium (Fig. 3C-E) .
A great deal of research has been described on the pressure-temperature (p/T) dependence of protein stability beginning with pioneering work by Brandts [19, 20] and Hawley [21] . Hawley presented an equation for the free energy difference between the native and denatured states of a protein in the p/T plane by integration of the thermodynamic relationship dΔG = ΔVdP À ΔSdT giving:
where Δa 0 and Δb 0 are related to the coefficients of adiabatic thermal expansion (Δa) and isothermal compression (Δb) respectively. Explicitly, Δa 0 = ΔaÁΔV and Δb 0 = ΔbÁΔV. Equation (2) has been used by nearly all investigators since [22] . An important assumption of Eqn (2) is that the coefficients Δa 0 , Δb 0 and ΔC P are independent of temperature and pressure.
We have derived an equation for ΔG P,T by starting with the formal definitions of Δa and Δb: Using dΔG = ΔVdP and integrating we arrive at:
Expanding using the Taylor series around T 0 and P 0 , we arrive at the familiar terms from Eqn (2):
Transposing Eqn (4) onto Eqn (2) and substitution into an Erying rate equation gives:
Fitting Eqn (6) to pressure, temperature and ln(k cat ) data for V200S MalL gives good agreement between (7) modified as in Fig. 1B . Error reported at standard error and standard deviation (for p/T data). theory and experimental data ( Fig. 3C , R 2 = 0.98, SSE = 0.66). However, Eqn (6) does not describe the same pressure, temperature and ln(k cat ) data for WT MalL (Fig. 3A ,D with irregular elliptical contours). We have therefore fitted the temperature dependence of ln(k cat ) data for WT MalL (using the first three terms of Eqn (6)) at the five different pressures and we find a strongly pressure-dependent DC z P for WT MalL with an essentially pressure-independent DC z P for V200S MalL (Fig. 4) . The extracted parameters ( Fig. 5 ) are given in Table 1 . We note that the structures of WT and V200S MalL are essentially invariant [16] and so the difference in the pressure dependence is not due to different conformational states but must arise from another source. Pressure perturbs the preexisting equilibrium of states on the FEL and so will affect any conformational sampling. The relationship we observe therefore suggests that the magnitude of DC z P reflects the role of conformational sampling and we explore this in more detail below.
Our p/T data allow us to further interrogate the relationship between pressure and DC z P to identify the thermodynamic driver for this relationship and so again link conformational sampling to the enzyme FEL. Using Maxwell's relations, the pressure dependence of DC z P is:
Acknowledging the linear pressure dependence up to high pressures (blue line, Fig. 4 ) and the fact that 2 is small and positive, the linear coefficient for Eqn (6) is:
These data imply that for WT MalL
and this translates into a pressure-dependent DC z P . Changes in the temperature dependence of Δa have been seen previously for ligand binding using pressure perturbation calorimetry [23] . The red line in Fig. 4 shows a curve of the expected shape for the integral of Eqn (7), although there are insufficient points to justify fitting parameters using this more complex equation. Thus, when the parameters (Fig. 3C,D) for enzyme turnover.
We therefore find that for V200S MalL, both the absolute values of Δa ‡ and DC z P are less negative, the temperature and pressure dependence is dramatically decreased and k cat at T opt is larger compared to WT MalL. The magnitude of Δa ‡ is not outside of error for the comparison of WT and V200S MalL. However, the WT Δa ‡ is measurably negative within error as one expects for a pressure-dependent DC z P (Fig. 4) and the V200S Δa ‡ is measurably zero within error as one expects for a pressure-independent DC z P (Fig. 4) and this is the key point. The strong pressure dependence on DC z P for WT MalL therefore provides an independent line of evidence that DC z P reflects conformational sampling through protein vibrational modes and by definition the ruggedness of the FEL, but crucially that these modes are themselves able to affect enzyme turnover.
Experimental and computational evidence for the role of global conformational sampling
We have recently demonstrated that the red edge excitation shift (REES) phenomenon for protein Trp residues can potentially report on intramolecular protein dynamics, reflecting information on the 'ruggedness' of the FEL [24, 25] . That is, a larger REES effect reflects an increase in number of discrete species within the available equilibrium of conformational states, i.e. a more flexible protein [24] . The REES effect arises from photoselection of discrete conformational states reflected by differing solvent-solute interaction energies and has been described in depth recently [24] [25] [26] [27] . The effect manifests as a red shift in emission spectra (increased inhomogenous broadening) as the energy of the exciting photons is decreased (Fig. 6A) . We use a model-free approach to capture these data as the change in the centre of spectral mass (CSM) vs the change in excitation wavelength, Dk Ex (Fig. 6B) . In proteins, the fluorophore is Trp (selectively excited from 292 nm upwards) and the REES effect arises where the Trp exhibits a range of discrete solvation states. A large apparent REES effect should arise as a trivial consequence of multiple Trp residues in a single protein. However, changes to the REES effect for the same protein can be used to reflect changes in the protein FEL [24] . From Fig. 6B , WT MalL shows a large REES effect as expected given its 17 Trp residues. We Fig . 5 . The statistical distribution of parameters from a 1000-iterations bootstrap analysis by fitting the measurements on MalL WT and V200S using Eqn (6) (clear bins). We also fitted MalL WT using a temperature-dependent DC z P term calculated from Fig. 4 to assess the difference in the parameters using the same 1000-iterations bootstrap analysis (grey bins).
fit the experimental REES data (Fig. 6B) to a phenomenological model based on an exponential function, similar to our previous fitting, primarily to capture the curvature that is always apparent in protein REES data sets [24] .
where CSM 0 is the CSM value independent of the excitation wavelength, k Ex , determined by the amplitude, A, of an exponential with a curvature, R. The magnitude of A and R characterise the REES effect and the ratio of these values is shown in Fig. 6C and allows a useful comparison between data sets. An increase in A and a decrease in R (a larger A/R value) reflect a more pronounced REES effect and from our previous work, a more flexible protein characterised by a more rugged FEL. [24] From Fig. 6C , we find that WT MalL gives a rather larger REES effect compared to V200S MalL with DA = 0.93 AE 0.14 and 0.32 AE 0.03 nm and DR = 0.13 AE 0.01 and 0.19 AE 0.01 nm À1 at 20°C respectively. Protein flexibility is strongly influenced by temperature and so we have monitored the REES effect at elevated temperatures that approach T opt (Table 1) for both WT MalL and V200S MalL as shown in Fig. 6C . From Fig. 6C inset, the ratio of A and R values becomes more similar for WT and V200S MalL (A/ R WT /A/R V200S ?) as the temperature tends towards the T opt . These data show that the REES effect becomes more similar for WT MalL and V200S MalL at elevated temperatures, and also that the REES effect is consistently smaller for V200S MalL compared to WT MalL. These findings are consistent with comparisons between mesophilic and thermophilic proteins, where the protein flexibility is found to be similar at the respective T opt of the enzymes [28, 29] . The edge-shift data therefore suggest that V200S MalL is less flexible than WT MalL at the same reference temperature. That is, in line with our previous molecular dynamics simulations, we find that a smaller magnitude of DC z P (V200S MalL) is correlated with a less flexible protein in the ground state. The edge-shift data above capture global changes and differences in protein flexibility. To achieve atomistic insight into protein flexibility, on a relevant timescale, we have turned to all atom flexible motion calculations from available X-ray crystal structures of WT and V200S MalL. These calculations capture information on protein rigidity and flexible motion, reflecting low-frequency motions on the approximately microsecond timescale. Such timescales are often functionally relevant and so these calculations significantly augment our previous MD simulations, both temporally and in terms of structural analysis. We have analysed the rigidity of the MalL structure using pebblegame rigidity analysis as implemented in the program 'FIRST' (see Methods). The main control parameter is the energy cut-off (E cut ) which controls the inclusion of polar interactions in the constraint network. Both WT and V200S MalL display typical rigidity behaviour for a mixed alpha/beta structure [29] , as shown in Fig. 7 . From Fig. 7A , MalL is largely rigid at small E cut values, and then becomes largely flexible as E cut goes from À1 to À2 kcalÁmol À1 (Fig. 7A) . However, V200S MalL retains a higher fraction of rigidity than MalL at large negative E cut values (Fig. 7A) . These data are then consistent with previous evidence from X-ray crystal data, molecular dynamics simulations and with the current edge-shift data (above), in suggesting that MalL has more conformational freedom than V200S MalL. Most importantly, despite the V200S variant being located in the active site, the calculations show the difference in rigidity between MalL and V200S MalL is due to retention of rigidity in the extensive beta-sheet region (shown in Fig. 7B,C) , rather than the active site.
We have explored the flexibility of MalL and V200S MalL using geometric simulation, implemented in the FRODA module of FIRST [30] . Eigenvectors of lowfrequency motion were generated by coarse-grained elastic network modelling implemented in ELNEMO [31] . We focus on the lowest frequency nontrivial modes of motion, which represent large-scale motions that are likely to be on relatively long (ms) timescales. Recent studies [32, 33] have shown excellent agreement between flexible motion simulations and large-scale functional motion in enzymes, with results from the calculations found to be consistent with those produced by molecular dynamic simulations [34] . Example results are shown in Fig. 8 . These data show that both MalL and V200S MalL structures are capable of large amplitudes of flexible motion while retaining the network of covalent and noncovalent constraints [35] identified in the input structure (Fig. 8A-C) . The global character of this mode is essentially identical between WT and V200S MalL, as expected from the close similarity of the structures. We find that this lowest frequency mode couples large-scale motion of the entire structure with local variations in the geometry of the active site (Fig. 8D-F for WT MalL). In the WT protein, a network of noncovalent (hydrophobic) interactions surrounds the active site, including an interaction between V200 and F163. The V200S mutation disrupts this interaction. This alters the variations in the active site geometry in the course of the protein's flexible motion, as shown in Fig. 8G-I ; note the opening of a gap between S200 and F163 in the mutant structure, which cannot occur in the WT protein.
Our rigidity analysis and modelling of flexible motion thus indicate that the V200S mutation, despite its minimal effect on the crystal structure, affects the enzyme dynamics in two ways: firstly, by an increase in rigidity distal to the mutation site, which will affect the global slow-mode dynamics; and secondly, by a change in the constraint network in the active site, altering the coupling between global slow dynamics and the active site. Our findings therefore suggest that there is a network of vibrational modes in the enzyme that couple directly to the active site volume. The observation of long range networks of vibrational modes in enzymes have been reported for a number of enzymes, for example horse liver alcohol dehydrogenase (HLADH) [36] , dihydrofolate reductase (DHFR) [37] and protochlorophyllide oxidoreductase (POR) [38, 39] .
The combination of our p/T studies, REES data and structure-based calculations suggests that the distribution of vibrational modes is sensitive to changes in pressure for WT MalL but not V200S MalL, and consistent with our hypothesis, this correlates with a large and small magnitude of a negative DC z P respectively. More specifically, the finding DC z P is sensitive to pressure links the FEL to conformational sampling of the enzyme and also enzyme turnover.
Experimental evidence for the role of local vs global conformational dynamics
Our all atom calculations do not differentiate between conformational dynamics involved in enzyme turnover that are localised to the active site or involving a global network of residues that define the conformational dynamics. Varying solution viscosity is an established experimental tool to probe the involvement of global protein flexibility and is used extensively to study gated electron transfer, where significant conformational change (gating) is required to control the rate of an electron transfer step. We wished to provide experimental evidence for the role of global conformational sampling inferred from our structure-based calculations and so we have turned to viscosity dependence studies (by varying the concentration of glycerol) with MalL and V200S MalL, shown in Fig. 9 . We note that varying glycerol concentration alone can only infer a viscosity change. We were concerned that the observed rates might be convolved of competitive inhibition with the viscogen and so for this reason, we measured individual Michaelis-Menten curves to extract the reported k cat values (example plots are shown in Fig. 10 ). By definition, competitive inhibition will only affect the magnitude of K m , but not V max (and therefore k cat ). Our data are not therefore convolved of issues of competitive inhibition. The viscosity dependence of the extracted k cat is fit to Eqn (9) as described by Ansari et al. [40] ,
where the observed rate varies according to an internal friction coefficient, r, that reflects the contribution of the protein friction to the total friction of the system [41, 42] , ΔS ‡ and ΔH ‡ . Fitting our viscosity dependence data shown in Fig. 9A , we find r = 1.58 AE 0.76 and r = 4.48 AE 1.31 cP for MalL and V200S MalL at 20°C, respectively. This magnitude of r is typically observed for gated electron transfer enzymes where very large protein conformational changes occur, typically falling in the range r = 0.1-10 cP [41] [42] [43] . These data suggest that, consistent with flexible motion calculations, MalL does exhibit a significant role for global protein vibrational modes during turnover. We monitored the temperature dependence of k cat at a range of experimentally accessible (given the viscosity dependence of k cat ) solution viscosities as shown in Fig. 9B ,C to give the viscosity dependence of DC z P . The resulting parameters are given in Table 1 and shown in Fig. 9E . The concentration of the viscogen is adjusted at each temperature to ensure the viscosity is the same at each temperature studied [44] . We find that DC z P is viscosity-dependent outside of experimental error with WT MalL and viscosityindependent within experimental error for V200S MalL, giving DC z P = 1.82 AE 1.41 and 1.10 AE 1.10 kJÁ mol À1 ÁK À1 ÁN À1 , respectively. That is, viscosity (an increase in protein fictional coefficient) affects the conformational sampling in WT MalL but not V200S MalL and this directly correlates with the increased rigidity we observe from our structure-based calculations and REES data above. Therefore, from these data we infer that V200S MalL has a less significant contribution from the global protein vibrational modes compared to MalL. We acknowledge the large error range on these values but we would point out these findings are entirely consistent with the observed lack of a measurable pressure and temperature dependence for V200S MalL on DC z P and Δa ‡ respectively.
The only consistent way to compare rate constants for enzyme turnover is to consider the observed rate at T opt as the temperature dependence of the rate may vary. From our viscosity studies, the observed rate of MalL turnover (k cat at T opt ) shows a trend to increase with increasing DC z P as DC z P gets closer to zero (Fig. 5F ). We observe a similar trend with the V200S variant vs the WT enzyme ( Fig. 1 and Table 1 ). Therefore, based on the logic we establish above, we find that the rate of turnover increases where the protein (Table 1 ). E, Variation in DDC z P with k cat at T opt (WT, black; V200S, blue). Solid lines are to aid the eye only. FEL is made narrower and the contribution from protein vibrational modes is diminished. We note that the observed changes in k cat are not very large (but significantly different) but are accompanied by relatively large changes in DC z P . Moreover, the effect of altering the FEL either with viscogen or through amino acid variants must be small and illustrates the extreme sensitivity of DC z P to changes in the FEL that are linked to enzyme turnover.
Potential applications of modulating protein flexibility and DC z P Retaining the precision of the electrostatic environment of the enzyme active site is the key requirement for the catalytic effect and the massive rate enhancement achieved by enzymes. However, engineering enzyme variants often destroys the precision of the electrostatic environment, abrogating enzyme activity. A number of studies have illustrated the importance of enzyme motions and have suggested the presence of networks of vibrational modes that enable conformational sampling of productive substrate binding and/or reaction geometries (e.g. refs [45] [46] [47] [48] ). Modulating such a network would then have the potential to tune enzyme activity without altering the fine detail of the electrostatic environment at the active site, which is the key requirement for catalysis. In the present example, we have captured a complete thermodynamic analysis of enzyme turnover, providing insight into the relationship between enzyme turnover and the protein FEL. Based on the insights from our study, we find that 'rigidifying' the enzyme, specifically decreasing the distribution of vibrational modes (smaller DC z P ) that affect enzyme turnover by decreasing the absolute value of the expansivity, increases not only T opt but also the observed rate of turnover at T opt . Moreover, we show that the difference arises from both an increase in enzyme rigidity distal to the active site, and from a change in the coupling between the local binding-site geometry and the global network of vibrational modes that extend throughout the enzyme. This trend is borne out by solvent studies which show a similar trend for a faster rate of turnover with a smaller DC z P value. Our study therefore illustrates the potential for rationally altering enzymes based on their network of vibrational modes, without affecting the enzyme structure. This is an even more attractive possibility given that networks of vibrational modes may extend throughout the protein structure, meaning that variants can be identified that are not localised to the active site, minimising disruption to the active site and by extension of the electrostatic environment. Thus, we suggest that rigidification of those modes that affect enzyme turnover vs vibrational modes in the protein, in general, is a powerful strategy for biocatalysis applications, where increased operating temperatures are routinely required. Moreover, our study illustrates that it is entirely possible to identify these modes within the enzymes using established structurebased calculations. As an example, in the present study, we find that T opt increases significantly although a single amino acid variant (Table 1) . From a biocatalysis point-of-view, this may be the more important finding compared to the observed increase in the rate of enzyme turnover.
Methods

Protein expression purification
Full-length Bacillus subtilis 168 MalL was expressed and purified as described previously [16] . Purified protein was dialysed against a buffer of 20 mM HEPES pH 7.0. All measurements were made in this buffer unless otherwise stated.
Enzyme assays
Steady-state kinetic measurements were performed using a UV/Vis spectrophotometer (Agilent Cary 60 UV-Vis spectrometer, Santa Clara, CA, USA) in a 1 cm cuvette, or mounted in the high-pressure cell (see below). For pressure/ temperature measurements, a saturating concentration of pNPG was used (4 mM). MalL turnover was monitored as the increase in absorption at 420 nm reflecting product formation. Initial rates were calculated using e = 18 mM À1 Ácm À1 . Initial velocity data were fit to the models described in the manuscript using either ORIGINPRO 2016 (MicroCal, Malvern, UK) or MATLAB (Mathworks, Cambridge, UK). Viscosity studies were conducted with increasing concentrations of glycerol and for combined temperature-viscosity studies, the glycerol concentration was adjusted at each temperature to ensure a consistent viscosity. An ISS high-pressure cell (ISS, Champaign, UL, USA), fitted with a custom mounting to an absorbance spectrometer, connected to a circulating water bath for temperature regulation (AE 1°C), was used to record all combined pressure/temperature measurements. To fit the surface to p/T vs ln(k cat ) data, we used a bootstrap method by randomly resampling our measurements (n = 30, six thermal and five baric gradients) with replacement. The bootstrap method provides better information on the characteristics of the parameters than the one-set fitted parameters from the full data set and it further produces the statistical distribution of the parameters. The goodness of fit are simply controlled by discarding those fit with a R 2 < 0.9, which only happened~5% of a 1000-iterations bootstrapping. Results from the bootstrap analysis are reported as the mean and standard deviation (mean AE SD).
Red edge excitation shift measurements
All fluorescence measurements were performed using a Perkin Elmer LS50B Luminescence Spectrometer (Perkin Elmer, Waltham, MA, USA) connected to a circulating water bath for temperature regulation (AE 1°C). Samples were thermally equilibrated for 3 min at the specified temperature. Excitation and emission slit widths were 5 nm. Trp emission was monitored from 325 to 500 nm. The excitation wavelength was subsequently increased in 1 nm steps for a total of 19 scans. Three sets of individual scans were averaged. The corresponding buffer control was subtracted from the spectra for each experimental condition and this also removes the Raman peak water peak. The CSM was calculated using the following equation:
where f i is the measured fluorescence intensity and k Em is the emission wavelength. We would stress the importance of using a consistent wavelength range when reporting CSM data, as the magnitude will be dependent on the wavelength range chosen. The QUBES data are extracted by fitting the CSM vs k Ex data as described in the manuscript. Data fitting and plotting was performed using ORIGINPRO 2016 (Microcal).
Rigidity analysis
Pebble-game rigidity analysis [49] divides a protein structure into a number of rigid clusters (RCs) depending on the distribution of constraints in the system and the inclusion of hydrogen bonds in the constraint network is controlled by an energy cut-off parameter (E cut ). As E cut is decreased from zero to negative values, weaker hydrogen bonds are excluded from the constraint network and the structure becomes less rigid. We track the rigidity by considering the fraction (F) of main chain residues which lie within the N largest RCs (for N = 1-20) for E cut values lying in the range from 0 kcalÁmol À1 , where the structure is largely rigid, to À4 kcalÁmol À1 , where the structure is largely flexible [50] . Template-based geometric simulation [51] uses RC information to rapidly generate new protein conformations with the same local bonding geometry as the original.
